Introduction {#sec1}
============

Proteins that contain the YcaO domain (domain of unknown function DUF181, protein family PF02624, TIGR families TIGR00702 and TIGR03549, and InterPro families IPR003776 and IPR019938) are prevalent in bacteria and archaea, and over 17 000 sequences containing this domain have been annotated in GenBank (as of mid-2018).^[@ref1]^ The most widely studied YcaO-domain-containing proteins are those that carry out post-translational modification on protein or peptide substrates, although the founding member of this superfamily, the *ycaO* gene product from *Escherichia coli*, has yet to be functionally characterized.^[@ref2]^ The function of YcaO domains is currently best understood in the context of biosynthesis of various classes of ribosomally synthesized and post-translationally modified peptides (RiPPs),^[@ref3]^ including the linear azol(in)e-containing peptides (LAPs),^[@ref4]^ thiopeptides,^[@ref5]^ and a subset of cyanobactins.^[@ref6]^ The prototypical member of the extended YcaO family is one of two catalytic components of the tripartite microcin B17 synthetase, which specifically carries out the ATP-dependent installation of azoline heterocycles on the backbone of a precursor peptide.^[@ref7]^ The biosynthetic gene cluster (BGC) for microcin B17, a DNA gyrase-inhibiting LAP, was originally identified on a plasmid that encodes for a 69-residue precursor peptide, three genes for peptide backbone heterocyclization, as well as additional genes for self-immunity and cellular export.^[@ref8]^

Initial in vitro reconstitution studies of microcin B17 demonstrated that the trimeric heterocycle synthetase consisted of a YcaO protein, a member of the E1 ubiquitin-activating (E1-like) family of enzymes, and a flavin-dependent dehydrogenase.^[@ref7],[@ref9]^ Subsequent studies established that the YcaO and the E1-like protein work in concert to carry out ATP-dependent cyclodehydration.^[@ref10]^ Specifically, the YcaO facilitates the attack of the side chain from Cys/Ser/Thr onto the preceding amide bond, and carries out ATP-dependent *O*-phosphorylation, amide nitrogen deprotonation, and phosphate elimination to yield the azoline heterocycle. The E1-like protein potentiates cyclodehydration activity by binding to the leader sequence of the precursor peptide through a RiPP precursor peptide recognition element (RRE).^[@ref11]^ The crystal structure of the *E. coli* YcaO (*Ec*YcaO) in complex with ATP, along with structure- and sequence-guided mutational studies on the RiPP cyclodehydratase (BalhD) from *Bacillus* sp. Al Hakam, firmly established the functionality of the YcaO as the catalytic component of the cyclodehydratase.^[@ref2]^ More recent studies on the structure of a fused E1-like/YcaO from a cyanobactin biosynthetic cluster showed that binding of the leader sequence by the E1-like domain stabilizes active site loops of the YcaO, and accelerates the rate of azoline installation.^[@ref12]^

YcaO domains are known to catalyze peptide backbone modifications other than cyclodehydration, which include installation of lactamidine rings^[@ref13]^ and thioamides.^[@ref14]^ Two RiPP classes exhibit characteristic lactamidines installed by YcaO enzymes, the bottromycins^[@ref15],[@ref16]^ and the klebsazolicins ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a).^[@ref17]^ Both of these natural products contain azoline modifications as well as lactamidine rings, and in vitro studies from each biosynthetic pathway demonstrate notable differences in their constituent biosynthetic strategies. For instance, the precursor peptides for the bottromycins contain a follower sequence, as opposed to a leader sequence. Additionally, the YcaO enzymes do not utilize an RRE, while those for the klebsazolicins contain a leader sequence that is necessary for the RRE-dependent post-translational modifications. Lastly, and perhaps most notably, two distinct, stand-alone YcaO enzymes are required for azoline and macrolactamidine formation during bottromycin biosynthesis,^[@ref15],[@ref16]^ while a single microcin B17 synthetase-like heterotrimeric complex catalyzes the installation of both the azoline and lactamidine modifications found in klebsazolicin.^[@ref17]^

![Comparison of post-translational modification installed on peptide substrates by YcaO enzymes and representative natural products. (A) Example modifications include cyclodehydration of peptide substrates with Cys or Ser to form thiazoles (blue) or oxazoles (green), respectively, thioamidation (red) of the backbone amide, and installation of macrolactamidine (pink). (B) Each of the YcaO-mediated transformations occurs through the formation of a common *O*-phosphorylated hemiorthoamide intermediate. Installation of azoline moieties necessitates an intramolecular attack from an adjacent β-nucleophilic side chain whereas thioamidation utilizes an external sulfide.](oc-2019-00124w_0001){#fig1}

The potential involvement of a YcaO in thioamide formation was first proposed for the thioviridamide biosynthetic pathway ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a), wherein the mature RiPP contains multiple peptide backbone thioamides.^[@ref18],[@ref19]^ Further, a conserved thioglycine is present in the α-subunit of all methyl-coenzyme M reductase (McrA) proteins analyzed to date, which was proposed to be installed in a manner similar to that for thioviridamide.^[@ref20]^ Subsequently, phylogenetic analysis demonstrated that all methanogens contain at least one YcaO, nearly all of which are encoded adjacently to a gene annotated as encoding a "TfuA-like" protein (PF07812, IPR012924).^[@ref21]^ Mass spectral analysis of McrA from cell lysates of *Methanosarcina acetivorans* bearing genetic deletions of *ycaO*, *tfuA*, or both genes demonstrated the essentiality of the YcaO--TfuA pair in thioamide installation.^[@ref14]^ More recently, we have demonstrated the ATP-dependent in vitro reconstitution of thioamidation on a synthetic peptide corresponding to the McrA sequence flanking the site of thioglycine modification, using purified YcaO and TfuA proteins from *M. acetivorans* and either a chemical or enzymatic source of sulfide.^[@ref22]^ Although less represented in GenBank, there are a few methanogen genomes that lack a discernible *tfuA*, including *Methanopyrus kandleri* and *Methanocaldococcus jannaschii*. We have demonstrated that the YcaO proteins from these two hyperthermophiles can catalyze thioamidation on the cognate McrA peptide in a TfuA-independent fashion.^[@ref22]^

While the various post-translational modifications catalyzed by YcaOs result in different chemical outcomes, the reactions are believed to share a common mechanism ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). Specifically, YcaOs catalyze the attack of a nucleophilic species at the amide carbon to form a (presumptive) hemiorthoamide intermediate. The identity of the nucleophile varies depending on the modification; in azoline formation, the nucleophile is the side chain of an adjacent Cys/Ser/Thr residue. For (macro)lactamidine formation, the nucleophile is either the N-terminus of the peptide or theoretically any other amine nucleophile present in the peptide. The nucleophile for thioamidation derives from a yet unidentified exogenous sulfur source, which may vary depending on whether or not the organism encodes a TfuA protein.

While discovery efforts have been seeking new roles for YcaO proteins beyond the examples highlighted here, structure--function studies of the canonical backbone modification reaction have yet to be fully elucidated. Structural studies of the cryptic *Ec*YcaO^[@ref2]^ and the cyanobactin synthetase LynD^[@ref12]^ afforded insights into how this new protein fold engages the nucleotide, and how a RiPP cyclodehydratase binds to the leader sequence, respectively. However, there are currently no structural data for any YcaO with its substrate peptide bound at the active site. More generally, the lack of core peptide-bound structure for nearly any RiPP biosynthetic enzyme likely reflects the underlying promiscuity and low substrate affinity of the cognate catalytic domains. Here, we present the crystal structures of the thioamide-forming YcaO from *M. jannaschii* (*Mj*YcaO) along with the cocrystal structure with the cognate McrA-derived peptide (*Mj*McrA) containing the site of thioglycine modification. Structure-based mutational analysis affords a detailed description of residues involved in both peptide binding and catalysis. Notably, we show that *Mj*YcaO and *Mk*YcaO are competent McrA peptide cyclodehydratases for substrate variants containing a Cys residue adjacent to the modification site, supporting a common mechanism among different classes of modifying enzymes. Structure-based modeling studies yielded insights into the mechanistic difference among the YcaOs involved in the biosynthesis of LAPs, azoline-containing cyanobactins, thiopeptides, and thioamide-containing polypeptides such as thioviridamide and McrA. The data presented within provide an improved molecular context for interpreting decades of prior biochemical observations.

Results {#sec2}
=======

Biochemical and Biophysical Studies of Thioglycine Formation {#sec2.1}
------------------------------------------------------------

Difficulties with the production and stability of the full-length MCR alpha subunit that lacked the thioamide modification precluded using the protein for biochemical studies. We previously demonstrated using an end-point mass spectrometry assay that recombinantly expressed and purified *M. acetivorans* YcaO (*Ma*YcaO) and TfuA proteins can carry out peptide backbone thioamidation. Those studies employed a synthetic 13-mer peptide derived from the α-subunit of the MCR (McrA), bearing five N- and C-terminal residues that flank the Gly465 site of modification as well as a double Gly linker (GG--~460~RLGFF**G**FDLQD~470~, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a).^[@ref22]^ Moreover, recombinant *M. jannaschii* YcaO (*Mj*YcaO) carried out the thioamidation of a similar peptide derived from *Mj*McrA with the natural site of modification at Gly448 (GG--~443~RLGFY**G**YDLQD~453~, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a) in a TfuA-independent manner. For simplicity, we hereafter refer to the thioamidation site as position 0 with the N- and C-terminal flanking positions given negative and positive integer values, respectively. For both the *Ma*McrA- and *Mj*McrA-derived peptides, thioamidation was dependent on ATP and sulfide. To characterize the thioamidation kinetics, we employed a high-performance-liquid-chromatography-based (HPLC-based) assay to follow the initial rate of product formation as a function of substrate concentration. The second-order rate constant (*k*~cat~/*K*~M~) for *Mj*YcaO was 8.9 × 10^2^ M^--1^ s^--1^ with a *K*~M~ of 59.9 μM and *k*~cat~ of 5.3 × 10^--2^ s^--1^ for the 11-mer peptide substrate ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). Notably, the measured catalytic efficiency was an order of magnitude lower than that measured by monitoring phosphate production,^[@ref22]^ which may partially arise because of the technical issues with the assay conditions, unproductive attack of water instead of sulfide, and/or the ATPase activity from *Mj*YcaO in the absence of peptide substrate (SI, [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00124/suppl_file/oc9b00124_si_001.pdf)).

![Sequence alignment of McrA peptides and HPLC-based kinetic analysis of the *Mj*YcaO thioamidation reaction. (A) Alignment of McrA peptide sequences (11-mer) flanking the site of thioamidation, including sequences of *Mj*, *Mk*, and *Ma*McrA with the *Mj*McrA numbering code labeled on both the top and bottom. (B) HPLC-based kinetic analysis on the production of thioamidated *Mj*McrA 11-mer using varied concentrations of *Mj*McrA 11-mer peptide substrate.](oc-2019-00124w_0002){#fig2}

As previously reported, *Mj*YcaO binds to a fluorescein-isothiocyanate-labeled (FITC-labeled) 13-mer peptide (GG--RLGFY**G**YDLQD), derived from *Mj*McrA, with a *K*~D~ of 1.1 μM as determined by fluorescence polarization (FP).^[@ref22]^ We also observed binding toward the same FITC-labeled peptide that lacked the double Gly linker (~443~RLGFY**G**YDLQD~453~). Using the 13-mer peptide, we established a competitive binding assay with the competitor ligands being supplied as recombinant peptides fused the C-terminus of maltose-binding protein (MBP) (SI, [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00124/suppl_file/oc9b00124_si_001.pdf)). The wild-type McrA peptide gave a binding constant (*K*~i~) of ∼1.3 μM. Systematic Ala-substitution was conducted on the recombinant MBP-tagged peptide to reveal residues governing *Mj*YcaO binding. The competitive assay identified the region from Leu(−4)--Leu(+3) to be important (SI, [Figure S3 and Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00124/suppl_file/oc9b00124_si_001.pdf)) which was largely consistent with end-point enzymatic activity assays monitored by matrix-assisted laser desorption/ionization-time-of-flight mass spectrometry (MALDI-TOF-MS).

Crystal Structures of *Mj*YcaO--ATP and *Mj*YcaO--ATP--Peptide Complexes {#sec2.2}
------------------------------------------------------------------------

We next sought to obtain structural data for *Mj*YcaO in the presence and absence of the 11-mer *Mj*McrA peptide (SI, [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00124/suppl_file/oc9b00124_si_001.pdf)). Crystals of *Mj*YcaO--ATP diffracted to 2.3 Å resolution and the resultant structure recapitulates the overall architecture observed previously in the structure of *M. kandleri* YcaO (*Mk*YcaO) \[Protein Data Bank (PDB) code 6CI7\] ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}).^[@ref22]^ As predicted by previous sequence comparisons,^[@ref2]^ the active site features of *Mj*YcaO are essentially identical to other YcaO enzymes, such as TruD (PDB code 4BS9), *Ec*YcaO (PDB code 4Q86), and *Mk*YcaO and include a nearly invariant constellation of residues that are involved in interactions with the bound nucleotide. Notably, residues spanning Gly276--Lys290, which are located within a segment between helices α9 and α11, are disordered in the structure. The equivalent region is similarly disordered in all eight crystallographically independent copies in the structure of *Mk*YcaO,^[@ref22]^ highlighting the mobility of this region as a common feature of the methanogenic YcaO enzymes associated with MCR modification. Our prior postulation that this region undergoes an ordering upon binding the substrate is borne out by our cocrystal studies described below.

![Crystal structures of *Mj*YcaO in the presence and absence of the *Mj*McrA 11-mer peptide substrate. (A) Overall structure of *Mj*YcaO bound to the *Mj*McrA peptide, ATP, and Mg^2+^. Regions of the polypeptide that become ordered upon substrate binding are colored in blue, and the peptide is shown in yellow sticks. (B) Superposition of the structures of *Mj*YcaO in the absence (in gray) and presence (pink/blue/green) of the peptide substrate showing the ordering and movement that occur upon peptide binding. (C) Simulated annealing difference Fourier map (1.95 Å resolution) calculated with coefficients \|*F*~obs~\| -- \|*F*~calc~\| and contoured at 2.5σ above background, with the coordinates of the peptide omitted prior to refinement. The site of thioamidation is indicated with a black arrow. (D) Surface representation of the active site showing the binding pockets that engage the peptide substrate. Pocket 1 is colored in blue, pocket 2 in red, and pocket 3 in purple.](oc-2019-00124w_0003){#fig3}

While numerous attempts to obtain crystals of *Mj*YcaO in complex with the 13-mer *Mj*McrA peptide (GG--RLGFY**G**YDLQD) described previously were unsuccessful,^[@ref22]^ equilibration of the enzyme with ATP and the aforementioned 11-mer peptide (RLGFY**G**YDLQD) yielded crystals that diffracted to 1.95 Å resolution ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). Following the determination of crystallographic phases using the coordinates of *Mj*YcaO without the substrate peptide, inspection of the resultant electron density map revealed significant conformational changes in the vicinity of the ATP-binding site. Specifically, the loops encompassing residues Lys4--Tyr10 (preceding helix α1), Asp236--Leu245 (between strands β10 and β11), strands β1 and β2 (between Leu50 and Ala63), and helix α8 (consisting of residues Pro292--Lys302) all move inward toward the nucleotide. Lastly, residues Gly276--Lys290, which are disordered in the structures of both *Mj*YcaO and *Mk*YcaO in the absence of the peptide, form a well-ordered α-helix at the upper edge of the active site cleft ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). These combined secondary structural movements and ordering result in the formation of a well-defined cradle adjacent to the ATP. Clear and unambiguous density corresponding to the bound McrA peptide is observed within this cavity.

The *Mj*McrA peptide binds in a U-shaped manner across the surface of the cradle formed at the *Mj*YcaO-binding site, with the position corresponding to the site of modification \[McrA--Gly(0)\] situated at the base ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c). The bound nucleotide engages two Mg^2+^ ions, as previously observed in the structures of the YcaO proteins from *E. coli* and *Lyngbya aestuarii* (LynD, PDB code 4V1T). Although Gly(0) is positioned proximal to ATP--Mg^2+^ with the γ-phosphate 5.7 Å away from the carbonyl oxygen, prior studies indicated that the position of the reactive γ-phosphate varies among different structures of LynD,^[@ref12]^ consistent with its role in catalysis. Likewise, the position of the γ-phosphate varies in structures of *Mj*YcaO with and without bound peptide. The orientation of the Gly(0) carbonyl is fixed by interactions of the preceding Phe(−2)/Tyr(−1), and the following Tyr(+1), which would position the sulfur nucleophile for attack on the *si* face of the carbonyl carbon, followed by attack of the hemiorthoamide intermediate to the γ-phosphate of ATP. This observation is corroborated by the reactivity deficiency on McrA peptide variants with Phe(−2), Tyr(−1), or Tyr(+1) substituted with Ala (SI, [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00124/suppl_file/oc9b00124_si_001.pdf)). The α-helix that becomes ordered upon binding of the McrA peptide is positioned along the flanking side of the peptide and may help to eliminate solvent from the active site.

Residues Involved in Peptide Binding {#sec2.3}
------------------------------------

Numerous interactions between *Mj*YcaO and the *Mj*McrA peptide define the specificity of the interaction, most notably a series of hydrophobic packing contacts that position the substrate at the active site ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d and [4](#fig4){ref-type="fig"}a). Specifically, Leu(−4) of the peptide is positioned in a pocket (pocket 1) formed by *Mj*YcaO residues Ile234, Leu245, Val247, Leu298, His300, Trp303, and Phe304. Notably, among sequenced methanogens (197 complete genomes in GenBank as of mid-2018), the Trp303--Phe304 pair is conserved in 189 (96%) of the YcaO sequences. Methanogens that contain the Trp303--Phe304 YcaO motif display either Leu or Met at the (−4) position in the cognate McrA sequences (SI, [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00124/suppl_file/oc9b00124_si_001.pdf)). For the remaining genomes (*n* = 8), the equivalent residue in McrA is Phe, and the cognate YcaOs compensate for this larger residue by displaying a smaller Tyr--Leu pair in place of Trp--Phe. A second hydrophobic pocket (pocket 2) defines the binding site for Tyr(−1), and consists of *Mj*YcaO residues Tyr66 and Gln268, as well as Glu82 that is within hydrogen bonding distance. Lastly, Tyr(+1) from the *Mj*McrA peptide is docked into a third hydrophobic pocket (pocket 3) created by *Mj*YcaO residues Trp180, Thr366, and Ile367, as well as Phe(−2) from the *Mj*McrA peptide. On the C-terminal portion of the *Mj*McrA peptide, notable interactions include a salt bridge formed between Asp(+2) in *Mj*McrA and Arg278 of *Mj*YcaO, as well as a hydrogen bonding interaction between the amide of Asp(+2) and Thr154 of *Mj*YcaO.

![Residues important for the interactions between *Mj*YcaO and *Mj*McrA 11-mer. (A) The coordinates obtained for the *Mj*YcaO--*Mj*McrA 11-mer complex were processed by LigPlot Plus^[@ref35]^ (Dimplot function) to extract the putative interactions between the protein and peptide with the default runtime parameters. Residues from the *Mj*YcaO are in blue, and those from the *Mj*McrA 11-mer peptide are in black with the modified Gly highlighted in red. Hydrogen bonds are denoted by dashed lines (distances indicated next to the lines), and hydrophobic contacts are indicated by arcs. Stereochemistry is omitted for clarity. (B) Summary of the binding constants and conversion of the *Mj*McrA 11-mer substrate by *Mj*YcaO variants. The synthetic peptide derived from *Mj*McrA \[Arg(−5)--Asp(+5)\] is shown with the residue naturally thioamidated Gly(0) in red. Binding constants were determined by fluorescence polarization assay with the FITC-labeled *Mj*McrA 11-mer peptide with Gly--Gly as a linker. Error is represented as SEM (*n* = 3). Conversion was measured by HPLC (*n* = 2) and normalized to wild-type *Mj*YcaO.](oc-2019-00124w_0004){#fig4}

To elucidate the relevance of the crystallographically observed interactions, we carried out a mutational analysis of *Mj*YcaO and measured the binding affinities of the variants using the aforementioned FP-based assay ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b and SI, [Figures S2 and S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00124/suppl_file/oc9b00124_si_001.pdf)). Ala-substitution at individual residues within pocket 1 (W303A), pocket 2 (W180F/V), or pocket 3 (Y66A/F/L/G) of *Mj*YcaO significantly increased the *K*~D~ to the wild-type *Mj*McrA peptide (18--25-fold, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b, SI, [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00124/suppl_file/oc9b00124_si_001.pdf)). Decreasing the size of the binding pockets in *Mj*YcaO via the T366F or I367F/Y/W variants in pocket 2 similarly resulted in *K*~D~ increases (7--35-fold, respectively). Notably, Ile367 contacts another key residue, *Mj*McrA--Leu(+3), which contributes to the larger *K*~D~ increase for the I367F/Y/W variants. Combined, variants generated at these positions define the importance of the interactions with each of the three pockets for binding of the *Mj*McrA peptide substrate. The observed interactions are also supported by alterations conducted on the *Mj*McrA peptide: Leu(−4) and Gly(−3) are held by pocket 1, and Ala-substitution resulted in at least 6-fold increases in *K*~i~. Likewise, the *Mj*McrA--F(−2)A variant resulted in a 3-fold increase in *K*~i~ (SI, [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00124/suppl_file/oc9b00124_si_001.pdf)).

The importance of the salt bridge formed between *Mj*McrA--Asp(+2) and *Mj*YcaO--Arg278 was evaluated by the *Mj*YcaO--R278 K variant with an 18-fold increase in *K*~D~. More deleterious effects (nearly 50-fold increases in *K*~D~) were observed upon removal of the charge (R278A) or reversing the polarity (R278D) ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b, SI, [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00124/suppl_file/oc9b00124_si_001.pdf)). Notably, Arg278 is located in the α-helix spanning Gly276--Lys290, which is disordered in the structure of *Mj*YcaO and *Mk*YcaO in the absence of bound peptide.^[@ref22]^ Similarly, the *Mj*McrA--D(+2)A variant has a *K*~i~ 4-fold higher than wild-type. Hence, the interactions between *Mj*YcaO--Arg278 and *Mj*McrA--Asp(+2) likely play a crucial role in binding specificity. Other additional interaction with *Mj*McrA--Asp(+2) occurs with Thr154 and Tyr143, and the T154A *Mj*YcaO variant resulted in a 25-fold increase in *K*~D~, while the Y143F *Mj*YcaO variant showed a 4-fold increase in *K*~D~. Decreasing the size of Tyr143 to Leu or Ala resulted in further increases in the *K*~D~ up to 18-fold ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b, SI, [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00124/suppl_file/oc9b00124_si_001.pdf)). These combined data highlight the importance of each of the three pockets, as well as electrostatic interactions in establishing the specificity of *Mj*YcaO for binding of the *Mj*McrA peptide substrate.

Residues Involved in Catalysis {#sec2.4}
------------------------------

The availability of the first crystal structure of a YcaO enzyme with a bound core peptide affords an opportunity to identify residues that may be directly involved in catalysis and to test putative functions of these target residues using a mutational approach. The proposed mechanism for thioamidation involves the formation of a tetrahedral intermediate from the attack of an external sulfide on the target amide carbonyl, followed by the attack of the resultant backbone oxyanion onto the γ-phosphate of ATP.^[@ref22]^ A general base would be required to deprotonate the thiol group of the tetrahedral intermediate to achieve phosphate elimination, which leads to the final product ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). In addition, enzyme residues may also be necessary to enhance the electrophilicity of the amide carbon, to stabilize the presumed oxyanion of the hemiorthoamide and/or the phosphorylated intermediate. In the cocrystal structure of *Mj*YcaO, Arg177 is poised to stabilize the oxyanion and enhance the electrophilicity at the carbon. Consequently, the R177 K/M/A variants had a moderate effect on substrate binding (increases in *K*~D~ of ∼10-fold, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b, SI, [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00124/suppl_file/oc9b00124_si_001.pdf))^[@ref22]^ but significantly reduced activity (\<10% of wild-type). Likewise, Arg86 likely plays a role in stabilization of the phosphorylated tetrahedral intermediate, while Thr154 is poised to aid phosphate elimination. Substitutions at these positions have a larger effect on peptide binding but again show minimal activity (R86A/K/M had \<30% of the wild-type activity while T154A exhibited only 4%). In addition, residues Arg86, Arg177, and Thr/Ser154 are highly conserved (SI, [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00124/suppl_file/oc9b00124_si_001.pdf)), suggesting that these residues may play the same role across all YcaOs. Notably, biochemical and crystallographic studies of an unrelated class of RiPP biosynthetic enzyme, the LanMs, which are involved in the biosynthesis of class II lanthipeptides, showed that they similarly utilize a Thr/Arg pair for phosphate elimination to yield an α,β-unsaturated product,^[@ref23],[@ref24]^ although proceeding through a β-elimination mechanism.^[@ref25]^

Mechanistic Conservation across YcaOs for Thioamidation and Cyclodehydration {#sec2.5}
----------------------------------------------------------------------------

Structure-based multiple sequence alignments of YcaOs, including members that catalyze the formation of thioamides, azoline heterocycles, and macrolactamidines, reveal that many of the active site residues identified in *Mj*YcaO are highly conserved across these divergent classes (SI, [Figure S6 and Table S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00124/suppl_file/oc9b00124_si_001.pdf)). On the basis of this conservation, the chemical outcome from different classes of YcaOs may largely be due to the identity of the proximal nucleophile that attacks the amide carbonyl carbon. Therefore, we tested the ability of *Mj*YcaO to catalyze cyclodehydration of a peptide in which the residue following Gly(0) is replaced with a Cys \[RLGFY**GC**DLQD, Y(+1)C 11-mer\]. Treatment of this peptide with wild-type *Mj*YcaO and ATP at pH 7.5 yielded almost no change (SI, [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00124/suppl_file/oc9b00124_si_001.pdf)). Since the Y(+1)C 11-mer still effectively binds to the *Mj*YcaO (*K*~i~ is 2-fold higher than that of wild-type, SI, [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00124/suppl_file/oc9b00124_si_001.pdf)), we reasoned that the lack of a catalytic general base to deprotonate the Cys thiol may account for the absence of cyclodehydration activity. To that end, we tested activity at pH 7.5 using either 5 mM phosphate (H~2~Na~2~PO~4~) or phosphite (HNa~2~PO~3~) as a surrogate for the missing general base. Reactions carried out on the Y(+1)C 11-mer with *Mj*YcaO, ATP, and either of these anions resulted in a mass decrease consistent with the loss of water (*m*/*z* calculated, 1268.5728 Da; observed, 1268.5731 Da; error, 0.25 ppm) while no new peak was observed when *Mj*YcaO was omitted from the reaction ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a,b). On the basis of our hypotheses that the thioamide-forming YcaO enzyme lacks the catalytic base to deprotonate the Cys thiol, we reasoned that elevated pH would improve its ability to catalyze cyclodehydration. Reactions on the Y(+1)C 11-mer were carried out with *Mj*YcaO and ATP in the absence of these anions but at an elevated pH (9.0) sufficient for deprotonation of the Cys thiol (p*K*~a~ ∼ 8, SI, [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00124/suppl_file/oc9b00124_si_001.pdf)). Notably, at this pH, ∼50% of the starting material (based on ion intensity) was converted to the dehydrated species. In addition, by supplying the same Y(+1)C 11-mer substrate to *Mk*YcaO we observed enzyme-dependent conversion to the dehydrated species, highlighting the cyclodehydratase activity from another thioamide-forming methanogenic YcaO enzyme (SI, [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00124/suppl_file/oc9b00124_si_001.pdf)).

![MALDI-TOF-MS analysis of *Mj*McrA 11-mer peptide thioamidation and *Mj*McrA--Y(+1)C 11-mer cyclodehydration. The sequences of the McrA 11-mer variants with the site for thioamidation (Gly(0)) in red, and the Cys(+1) replacement in blue. (A) Thioamidation catalyzed by *Mj*YcaO. Top: mass spectrum of the unmodified *Mj*McrA 11-mer peptide, *m*/*z* 1346.6 Da. Bottom: mass spectrum of the *Mj*McrA 11-mer peptide after reacting with *Mj*YcaO, Na~2~S, and ATP, showing the thioamidated product, *m*/*z* 1362.6 Da. (B) Cyclodehydration catalyzed by *Mj*YcaO. From top to bottom: mass spectrum of the unmodified *Mj*McrA--Y(+1)C 11-mer peptide; *Mj*McrA--Y(+1)C 11-mer treated with MjYcaO and ATP in the presence of phosphate; acid hydrolysis of cyclodehydrated *Mj*McrA--Y(+1)C 11-mer peptide in \[^18^O\]-labeled water; control where *Mj*YcaO is omitted. (C) View of the *Mj*YcaO (in cyan) bound to *Mj*McrA (shown as tan sticks). The site of nucleophilic attack by the sulfur source is shown with a purple arrow. (D) Superposition of the computational structure of PatD (green) and TruD crystal structure (purple) with the *Mj*McrA 11-mer peptide structure (shown as tan sticks) modeled in the active site. In the peptide, Tyr(+1) has been modified to a Ser for presentation.](oc-2019-00124w_0005){#fig5}

The site of dehydration was located to between Gly(0) and Cys(+1) by MS/MS experiment, and no fragmentation was observed at the amide bond connecting them (SI, [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00124/suppl_file/oc9b00124_si_001.pdf)). For a further evaluation of the formation of a thiazoline at this position, the reaction mixture containing the dehydrated species was lyophilized and subsequently reconstituted in \[^18^O\]-labeled H~2~O with 1% (v/v) formic acid. This treatment resulted in the conversion of the dehydrated species to a new product 2 Da heavier than the starting peptide (*m*/*z* calculated, 1288.5876 Da; observed, 1288.5896 Da; error, 1.55 ppm; SI, [Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00124/suppl_file/oc9b00124_si_001.pdf)). The \[^18^O\] is located at the amide bond between Gly(0) and Cys(+1) (SI, [Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00124/suppl_file/oc9b00124_si_001.pdf)), consistent with the incorporation of \[^18^O\] from solvent into the peptide via the mild acid hydrolysis of a thiazoline, as observed previously for experiments using YcaO cyclodehydratases.^[@ref10]^ To confirm that both the thioamidation and cyclodehydration reactions catalyzed by *Mj*YcaO proceed via a phosphorylation mechanism, we carried out HPLC analysis for each reaction using the appropriate substrate. In each case, the consumption of ATP and generation of ADP were observed, consistent with a phosphorylation mechanism for both reactions (SI, [Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00124/suppl_file/oc9b00124_si_001.pdf)). These data further suggest that all YcaO enzymes modify their substrates through the same mechanism, and the identity of the nucleophile determines the outcome.

Insights into the Mechanism of Peptide Backbone Cyclodehydration {#sec2.6}
----------------------------------------------------------------

Although *Mj*YcaO was capable of catalyzing cyclodehydration on an appropriate substrate, the reaction only occurred upon addition of an anion, which may act as a general base surrogate, or at an elevated pH to ensure deprotonation of the Cys thiol to the more reactive thiolate. In addition, *Mj*YcaO was not able to catalyze cyclodehydration on substrates whose (+1) residue was substituted with Ser or Thr despite their wild-type-like binding affinity \[Y(+1)S 11-mer *K*~i~ is ∼2-fold higher than that of wild-type, SI, [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00124/suppl_file/oc9b00124_si_001.pdf)\]. These observations suggest that YcaO cyclodehydratases contain an active site general base that can deprotonate the side chain β-hydroxyl or thiol of Cys/Ser/Thr of the substrate peptide to facilitate intramolecular nucleophilic attack. To identify this active site base, we superimposed the crystal structures of the cyanobactin cyclodehydratases PatD and TruD with the *Mj*YcaO cocrystal structure looking for potential bases in the vicinity of the β-carbon atom of Tyr(+1). While essentially no polar side chains from the cyclodehydratases are found near Tyr(+1) in the *Mj*YcaO structure, the C-terminal carboxylate of PatD is superimposed directly adjacent to Tyr(+1) ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c,d). This observation suggests a catalytic role for the C-terminus of azoline-forming YcaO enzymes. We had previously demonstrated the importance of this Pro-rich C-terminus for cyclodehydration.^[@ref2]^ Intriguingly, among the 1890 bioinformatically identified putative azoline-forming YcaOs (i.e., peptide backbone cyclodehydratases), ∼90% of them contain Pro-rich C-termini, often Pro--X--Pro--X--Pro as the last five residues. Enrichment of Pro is not observed in the C-termini of YcaO enzymes involved in thioamide or macrolactamidine formation (SI, [Figures S6 and S12](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00124/suppl_file/oc9b00124_si_001.pdf) and the SI data set 1). The C-terminus of *Mj*YcaO does not contain the Pro-rich motif and is not located near the active site.

Phylogenetic Analysis of the YcaO Protein Family {#sec2.7}
------------------------------------------------

We next sought to analyze sequence relationships and functional motifs across the YcaO superfamily. We therefore retrieved all nonredundant YcaO sequences, which were subsequently compared in a pairwise manner in the form of a sequence similarity network (SSN)^[@ref26]^ and in all-by-all manner in the form of a maximum-likelihood tree (SI, [Figures S12 and S13](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00124/suppl_file/oc9b00124_si_001.pdf)). Using the Rapid ORF Description and Evaluation Online (RODEO) bioinformatics tool,^[@ref27]^ the sequences were binned based on genomic context into the following three groups: (i) TfuA-associated and methanogenic YcaOs that putatively catalyze thioamidation; (ii) E1- and ocin-ThiF-associated YcaOs that putatively catalyze cyclodehydration; and (iii) bottromycin-associated YcaOs that putatively catalyze macrolactamidation ([SI](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00124/suppl_file/oc9b00124_si_001.pdf), data set 1). The distribution of these three groups on the SSN indicates that thioamide-forming YcaOs are more similar to each other than to cyclodehydratases. In contrast, the cyclodehydratases are considerably more sequence divergent. Notably, despite the greater sequence diversity among putative cyclodehydratases, the Pro-rich C-termini (defined as two or more Pro residues in the last 10 residues) are present in ∼90% of proteins across all clades, consistent with a potential role in catalysis (SI, [Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00124/suppl_file/oc9b00124_si_001.pdf)). Given their broad distribution on the phylogenetic tree, cyclodehydratase activity within the YcaO superfamily likely emerged early from an ancestral YcaO and then was broadly distributed. Emanating from the TfuA-associated (putative thioamide-forming) YcaOs is a distinct clade that includes the YcaO domain fused to a tetratripeptide repeat domain (TPR, PF00515), as well as the clade encompassing the *Ec*YcaO, suggesting that these lineages evolved from a single ancestor that catalyzed thioamide formation (SI, [Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00124/suppl_file/oc9b00124_si_001.pdf)). TfuA- and E1-associated YcaOs are present in two domains of life and in a number of phyla, including *Actinobacteria*, *Proteobacteria*, *Firmicutes*, *Cyanobacteria*, *Bacteroidetes*, and *Euryarchaeota* (SI, [Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00124/suppl_file/oc9b00124_si_001.pdf)). Notably, there are two clades of YcaO proteins that include archaeal representatives. The first clade represents the methanogenic, thioamide-forming YcaOs while the other clade is E1-associated and thus predicted to be involved in azoline formation. Their distinct locations suggest that archaea that produce ribosomal peptides bearing azoline heterocycles might have acquired the genes from bacteria and that bacteria that produce thioamide-containing polypeptides likely acquired the genes from archaea (SI, [Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00124/suppl_file/oc9b00124_si_001.pdf)).

Discussion {#sec3}
==========

The combined structural, biochemical, and bioinformatic studies of *Mj*YcaO provide a molecular framework for understanding the mechanism for backbone activation in peptide thioamidation and provide a context for parsing the functionalities of YcaOs involved in azoline and lactamidine formation. This extrapolation of mechanistic details is further supported by the demonstration that *Mj*YcaO can also carry out cyclodehydration on an appropriate alternative substrate, albeit at reduced efficiency. These data illustrate how suitable alterations within an otherwise conserved active site can elaborate a seemingly divergent array of chemical modifications on peptide substrates.

Prior studies on RiPP biosynthetic systems suggest that leader peptide binding serves not only to enforce substrate proximity but also to allosterically activate the cognate biosynthetic enzymes. For example, the biosynthesis of the lanthipeptide lacticin 481 is supported by the LctM synthetase even when the leader and core sequences of the substrate are provided to the enzyme *in trans*, and fusion of the leader sequence to the enzyme provides a catalyst capable of processing the core peptide in the absence of the leader sequence.^[@ref28][@ref28]^ Similarly, supply of the leader peptide *in trans*, or fusion of a leader sequence to the N-terminus of the YcaO, accelerates azoline installation using only the core sequence to a rate comparable to wild-type enzyme with full-length substrate for cyclodehydratases from the cyanobactin^[@ref12],[@ref29]^ and LAP classes.^[@ref18]^ While there are no available structural data for any RiPP YcaO enzyme in both the leader peptide-free and peptide-bound states, a comparison of the structures of *Mj*YcaO with that of LynD provides insight into the basis for leader sequence-mediated rate enhancement. The structure of LynD in complex with a leader peptide shows inter-subunit interactions with loop residues near the active site. Specifically, hydrophobic packing and electrostatic interactions between the conserved LEEL motif in the leader and a helix that includes residues Leu395--Leu402 of LynD stabilize a proposed "active form" of the cyclodehydratase.^[@ref12]^ The equivalent segment in *Mj*YcaO corresponds to a region between Val52--Ala63 that undergoes a conformational movement upon binding to the peptide substrate. The stabilization of the Leu395--Leu402 region in LynD by the leader peptide would also position several polar residues along the trajectory of the substrate peptide-binding site in *Mj*YcaO, and candidate residues in LynD that are poised to interact with the substrate include Thr401, His404, and Ser406 (SI, [Figure S14](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00124/suppl_file/oc9b00124_si_001.pdf)). These observations support the molecular model for how the peptide processing in the cyclodehydratase YcaOs is enhanced upon leader peptide binding. In contrast, *Mj*YcaO is able to carry out thioamidation and cyclodehydration in a leader peptide-independent manner because the corresponding loop region is much shorter and more amenable to conformational movement.

Studies with the BalhD cyclodehydratase demonstrated that extending the C-terminus by addition of a single Gly abolishes cyclodehydratase activity.^[@ref2]^ Shortening the YcaO by replacing the C-terminal Pro with a stop codon or shifting this motif via removal of two upstream residues also abolishes activity. These data all support a role for the C-terminus of the cyclodehydratase YcaOs as a general base in catalysis. The abundance of Pro residues in cyclodehydratase YcaO C-termini positions the peptide backbone in an extended conformation, which points the C-terminal carboxylate toward the active site. The constellation of active site residues identified in our studies, which include Arg86, Arg177, and Thr/Ser154, are conserved among YcaO family members, consistent with activation of the backbone carbonyl as a universal feature, regardless of the chemical outcome. Deprotonation of the β-nucleophilic side chain, presumably by the C-terminal carboxylate, is necessary for efficient cyclodehydration.

Among YcaOs involved in cyanobactin biosynthesis, PatD (patellamide pathway) installs both thiazolines and oxazolines, a ∼90% similar YcaO, TruD (trunkamide pathway), chemoselectively catalyzes the formation of thiazolines, leaving Ser and Thr untouched.^[@ref30][@ref30]^ A structure-based superposition of the *Mj*YcaO--McrA structure onto that of TruD positions that C-terminal PTPMPF sequence in the latter directly adjacent to the β-nucleophilic side chain for deprotonation. The alternating Pro residues serve to keep the C-terminus of TruD in an extended confirmation that cannot adopt any secondary structure. In contrast, PatD contains a PTNIPF motif that lacks the alternating Pro motif, suggesting that difference in chemoselectivity between the enzymes may be due, at least in part, to suboptimal orientation of the C-terminal carboxylate ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c). The recent structure of the heterometic McbBCD complex involved in the biosynthesis of a LAP shows a similar extended orientation of the C-terminal carboxylate.^[@ref31]^ Prior kinetic studies on the cyclodehydratases involved in LAP biosynthesis demonstrated that thiazoline installation occurs faster than oxazoline installation by a factor of roughly 30-fold, for the Balh system,^[@ref32],[@ref32],[@ref31]^ while the difference is nearly 1000-fold for the microcin B17 synthetase.^[@ref33]^ Our biochemical and structural studies suggest that the differences between these two systems for the rate of oxazoline formation may be due to requirement of regiospecificity (the Balh study utilized an artificial substrate), and/or chemoselectivity, namely, due to suboptimal orientation of the McbD C-terminal carboxylate (MVPFP) for its function in deprotonating the β-nucleophilic side chain for intramolecular attack.

The demonstration of converting *Mj*YcaO, an enzyme naturally involved in McrA thioamidation, into a competent cyclodehydratase enforces a conserved mechanism and evolutionary relationship between the two YcaO catalytic subtypes. To achieve a suitable substrate for cyclodehydration, we substituted the (+1) position relative to the thioamidation site with Cys. However, we observed natural variants of McrA that have the Cys residue at their (+1) position (*n* = 10, SI, [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00124/suppl_file/oc9b00124_si_001.pdf)) despite the high conservation of McrA. Even though we were not able to investigate the modification of this variant because of the lack of information on the cognate YcaO, this observation and the biosynthetic plasticity of *Mj*YcaO provide a possible evolutionary avenue from cyclodehydration to thioamidation. Specifically, a plausible evolutionary pathway may originate from an ancestral YcaO enzyme that installs azolines, but the producing organism exists in a sulfide-rich environment. Ring opening would produce a thioamide with restoration of the nucleophile at the (+1) position. Our previous work demonstrated that the installation of thioamides onto appropriate substrates by a YcaO cyclodehydratase, followed by subsequent chemical thiolysis,^[@ref18]^ is consistent with this speculative evolutionary pathway. Notably, our analysis of McrA partial sequence variation shows that the (0) position of the 11-mer region is sometimes substituted by Asp (*n* = 11) or Ser (*n* = 17) (SI, [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00124/suppl_file/oc9b00124_si_001.pdf)), which suggest the presence of thio-Asp or thio-Ser in yet uncharacterized McrA proteins. Another known McrA modification within the 11-mer region is didehydroaspartate at Asp(+5).^[@ref34]^ In our current data set, there are 99 naturally occurring cases where Gly is substituted at this position, suggesting the absence of this modification. The work described here may advance efforts directed at engineering new activities using a YcaO-based approach, given that nature has employed minor active site changes in a common scaffold to achieve a variety of chemical outcomes.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acscentsci.9b00124](http://pubs.acs.org/doi/abs/10.1021/acscentsci.9b00124).Detailed methods for protein expression, purification, biochemical, and crystallographic studies, and additional data and figures ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00124/suppl_file/oc9b00124_si_001.pdf))Data set 1: spreadsheet containing all RODEO-derived information on the YcaO superfamily, including NCBI accession identifiers, neighboring gene co-occurrence, and hidden Markov model analysis ([XLSX](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00124/suppl_file/oc9b00124_si_002.xlsx))
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